ABSTRACT | Beam control and/or beamforming technologies involving phased arrays can be used to enable highly efficient microwave power transmission (MPT) systems. In Japan, several field MPT experiments using a phased array have been conducted over the years. In 1992, a joint collaborative group successfully conducted a fuel-free flight experiment using phased-array technology, which was referred to as the MIcrowave Lifted Airplane eXperiment. In 2008, Kobe University (Kyoto, Japan) and a U.S. research group successfully conducted an MPT experiment using a phased array that resulted in power transmission over a distance of 150 km. Furthermore, Kyoto University proposed and demonstrated a magnetronbased phased array and conducted MPT from an airship to the ground in spring 2009. In FY2010, Kyoto University developed new highly efficient phased arrays for MPT and solar power satellites. This study provides an overview of past and present Japanese MPT experiments using phased-array technologies.
I. INTRODUCTION
A microwave frequency band is suitable for wireless power transmission (WPT) because of the following reasons:
1) microwave technologies are well developed, efficient, and cost effective in comparison with those operating at higher frequencies; 2) system size, particularly antenna size, is smaller than systems operating at lower frequencies; 3) there are reduced power losses owing to less absorption and diffusion by air and rain when compared to millimeter wave and terahertz frequencies. In fact, the first WPT, conducted by Brown in the 1960s, owed a large portion of its success to the highly developed nature of microwave technology. Wireless power was concentrated for the first time to a receiving target via 2.45-GHz-band microwave radiation [1] .
On the basis of radio wave theory, the beam efficiency between transmitting and receiving antennas can be calculated by 2 
(1)
where P r , P t , G r , G t , A r , A t , , and D are received power, transmitted power, antenna gain of the receiving antenna, antenna gain of the transmitting antenna, aperture area of the receiving antenna, aperture area of the transmitting antenna, wave length, and distance between the transmitting and receiving antennas, respectively. Two confronting aperture antennas are assumed in these equations. They indicate the beam efficiency in the near field. Equation (1), itself, indicates the efficiency in the far field on the basis of the Friis equation. These equations indicate that higher frequencies realize higher beam efficiency under otherwise identical conditions. These equations also indicate that transmission distance increases with frequency for a given efficiency under otherwise identical conditions. In contrast, efficiency of circuits, semiconductors, and tubes decreases with increasing frequency. Owing to these considerations, microwave frequencies are presently most suitable for long-distance WPT. Other types of WPT, such as inductive coupling and resonance coupling, cannot theoretically be applied over a longdistance WPT. However, if we design microwave power transmission (MPT) systems based on the wireless communication system approach, microwave beam power and efficiency tends to be much larger and smaller, respectively, than what users actually require. For example, the Goldstone MPT experiment conducted at 2.388 GHz in 1975 used a 26-m diameter parabolic antenna [2] placed 1.54 km away from a 3.4 Â 7.2-m 2 rectenna array. The overall efficiency of the transmitted microwave power from the parabolic antenna to direct current (dc) power on the rectenna array was only 6.7% (30-kW dc delivered with a 450-kW beam power), which included an 82% radio-frequency to dc (RFto-dc) conversion efficiency of the rectenna array. The transmission efficiency of the Goldstone experiment was poor and the system size was larger than that required for wired power transmission.
The other merit of MPT is that power can be transmitted to moving targets using microwave beamforming techniques. In this manner, it is easy to change the beam direction to accommodate moving targets using phasedarray techniques without any motion of the transmitting antenna. This suggests that wireless microwave power can be transmitted to/from moving targets with high-beam efficiency. In the 1960s and 1970s, MPT experiments were conducted using parabolic or horn antennas. Such systems were unable to change the beam direction without physically changing the antenna direction. However, for a solar power satellite (SPS) designed at the end of the 1970s by the National Aeronautics and Space Administration (NASA), the U.S. Department of Energy (DOE), and Raytheon in the United States, a phased array was adopted to control the microwave beam direction [3] . Phased arrays for MPT were mainly developed for SPS applications. Since the 1980s, SPSs were designed by the Japan Aerospace Exploration Agency (JAXA) and The Institute for Unmanned Space Experiment Free Flyer, presently J-Spacesystems/Ministry of Economy, Trade, and Industry (USEF/METI), the efforts of which were supported by many universities and companies. Recent concept designs of SPS systems in Japan are shown in Fig. 1 . Fig. 1(a) and (b) shows a basic-microwave-type model SPS and an advanced-microwave-type model SPS, respectively [4] . As a result, SPS applications have driven the development of phased-array technologies.
Phased arrays are typically used for radar or remote sensing. For example, a phased array in the S-band, which was composed of 4000 phased shifters/arrays and 936 000 manufactured elements, is used for the AEGIS radar system [5] . A Japanese group, whose members include the National Institute of Polar Research, the University of Tokyo, Kyoto University, and many other universities, national institutes, and companies, is building a mesosphere/ stratosphere/troposphere (MST) radar/incoherent scatter (IS) radar in the Antarctic to measure atmospheric phenomena. This project is called the Program of the Antarctic Syowa MST/IS Radar, and it includes approximately 1000 antenna elements with a center frequency of 50 MHz and a diameter of approximately 160 m.
We know that the beam direction of a phased array can be controlled. However, the compatibility of highefficiency beamforming of MPT is very difficult. In Japan, MPT experiments using phased arrays were conducted in the 1990s and in the 21st century. Phased arrays with semiconductors for MPT applications in Japan are described in Section II, which were developed for the MIcrowave Lifted Airplane eXperiment (MILAX) and the International Space Year-Microwave Energy Transmission in Space (ISY-METS) Experiment conducted in the 1990s. The JAXA's SPS demonstrator, the USEF/METI's active integrated antenna (AIA) system, and the cooperative work between Mitsubishi Electric Corporation and Kyoto University are described in Section III. In Section IV, a magnetron phased array, which was developed at Kyoto University, is described. Retrodirective target detection techniques using radio waves are essential elements in MPT. Japanese trials using phased arrays and retrodirective target detecting systems are described in Section V.
Each phased-array project was independent, adopted the latest technologies, and had its own research target, for example, to fly a fuel-free airplane using MPT, to develop the thickest phased array, or to develop a magnetron phased array. The basic trends in phased-array development are shown in Fig. 2 . The keywords describing these efforts are ''higher frequency,'' ''higher efficiency,'' and ''larger size and lightweight.''
II. PHASED ARRAYS IN THE 1990s
In 1983, Kyoto University's group in Japan conducted the first successful MPT rocket experiment called the Microwave Ionosphere Nonlinear Interaction eXperiment (MINIX). The experiment yielded new plasma data and theories about the nonlinear interaction between highpower microwave beams and ionospheric plasmas [6] - [8] . For the MINIX project, a cooker-type magnetron and waveguide antenna was used to transmit the 2.45-GHz microwave signal from the mother transmitter rocket to the daughter receiver rocket. Ten years later, the next rocket MPT experiment was called the ISY-METS and was conducted by Kyoto University, Kobe University, Texas A&M University, the Communication Research Laboratory (CRL), presently known as the National Institute of Information and Communications Technology (NICT), and the Institute of Space and Astronautical Science (ISAS). This second experiment included a phased array with the objective of describing detailed plasma physics. Data about the angle between the magnetic field and excited plasma wave were required to calculate the amplitude of the excited plasma wave, which is caused by the high-power microwave beam. The study also required that the microwave power be concentrated to a narrow area in order to estimate the angle between the magnetic field and the excited plasma wave. The phased-array technology was well suited to control the microwave beam direction and calculate the angle between the magnetic field and the excited plasma wave. The magnetic field could be Shortly before the ISY-METS experiment, the fuel-free airplane experiment called the MILAX was conducted in August 1992 [9] . The phased array developed for ISY-METS was used to transmit the microwave power for the MILAX. In total, 96 GaAs semiconductor amplifiers and 4-b digital phase shifters were connected to 288 antenna elements at 2.411 GHz. This indicates that there were three antennas for every amplifier subarray (Fig. 3) . The diameter of the phased array was approximately 1.3 m. The measured beam pattern is shown in Fig. 4 . The beam width was approximately 6 . The gain of the amplifier was 42 dB at 0-dBm input. The output power was approximately 42 dBm (Fig. 5 ). The power added efficiency (PAE) of the amplifier was approximately 40%. The total microwave power was 1.25 kW and consisted of a continuous wave (CW) with no modulation. The measured power density is shown in Fig. 6 .
The phased array was assembled on the roof of a car. The car drove under the fuel-free airplane as long as possible, and the microwave beam was directed toward the fuel-free model airplane using a computer and data from two charge-coupled device (CCD) cameras, which detected the position of the target (Fig. 7) . One of the CCD cameras is shown on the right-hand side of Fig. 3 . The rectenna array on the airplane's body is shown in Fig. 8 . There were 120 rectennas in all. The element spacing was 0:7. The efficiency of the rectenna was approximately 61% at 1-W output dc power. The airplane flew freely using only the microwave power that was delivered by the phased array. The airplane flew at approximately 10 m above the ground level. The maximum dc power obtained from the rectenna array was approximately 88 W and sufficient to fly the airplane. This was the first MPT field experiment in the world that used a phased array.
However, before and after MILAX, two MPT experiments were conducted to supply microwave power to a flying target that did not use a phased-array system. The experiment conducted previously in 1987 was called the Stationary High Altitude Relay Platform experiment by the Communication Research Centre in Canada. The In both experiments, a parabolic antenna MPT system with a microwave tube was adopted.
After the success of MILAX, the ISY-METS rocket experiment was conducted in February 1993 [10] . The phased array was arranged to cross plane, and was folded into the head cone of the rocket, as described in Fig. 9 . There were ð2 Â 8 ¼ 16Þ antennas fitted to each of the four panels. The researchers used the same GaAs semiconductor amplifiers and 4-b digital phase shifters as those used for the MILAX project. Fig. 10 shows the measured beam pattern documented by the researchers that was concentrated at a point 10 m away from the antenna [10] . Owing to the condition of the data presented, we should consider the vertical axis as the relative power only. The large sidelobe was achieved by the positioning of the antennas. Fig. 11 shows the concentrated power received by a dipole antenna at different distances from the transmitting array antenna by a solid line, while circles indicate the flight data [11] .
III. PHASED ARRAYS IN THE 2000s
The phased arrays utilized in MILAX and ISY-METS were insufficient for power transmission. Recently, the phasedarray technology itself has advanced into synthetic aperture radar. The related technology of adaptive arrays advanced into multiple-input-multiple-output (MIMO) systems. However, MPT requires phased-array systems with high efficiency.
In Japan, in the 2000s, some trials as part of the development of high-efficiency phased arrays were conducted mainly for SPS applications by the Japanese SPS committee. In FY2000, the SPS committee within JAXA conducted a phased-array experiment with solar cells for SPS called the Solar Power Radio Integrated Transmitter (SPRITZ), which was developed mainly by the Mitsubishi Heavy Industries, Ltd. (Fig. 12) [12] . The characteristics of SPRITZ are as follows: 1) frequency: 5.77-GHz CW, no modulation; 2) 100 circular microstrip antennas with 0.75 element spacing; 3) right-handed circular polarization; 4) dc power supply from solar cells (15% efficiency), approximately 166 W; 5) system: one high-power amplifier, a feeder network (power divider of 1-100), and a 3-b phase shifter for each antenna; 6) microwave radiation: > 25 W; 7) total efficiency: > 15%; 8) spurious: GÀ77.5 dBc; 9) for demonstration purposes, a light-emitting diode (LED) should be lighted at a distance of 1-2 m. The total system efficiency of the phased array was 15%, which is without solar cells and includes losses in the feeder network and phase shifter. This efficiency was not sufficient; however, this was an initial trial of a sandwichtype phased array, which was composed of rear solar cells and a front phased array. Theoretical and measured beam patterns are shown in Fig. 13 . The beam width was 7.3 . The antenna gain was 17.6 dBi, and the equivalent isotropic radiated power was 58 dBm. A rectenna with 51.2% efficiency received the microwave power, and LEDs were activated when the microwave beam was detected.
High efficiency is essential for MPT phased-array applications. Innovation aimed at increasing the efficiency or decreasing the loss of high-efficiency microwave circuits was required. In FY2001, Kyoto University and Mitsubishi Shinohara (Fig. 14) . Power loss is evident in the microwave circuitry (except in microwave high-power amplifiers), for example, driver amplifiers, phase shifter and beam control circuits, isolators, or occurrence of grating lobes. Therefore, to decrease power loss, a parabolic antenna phased array incorporating the following innovations was developed [13] , [14] : 1) direct digital synthesizer/phase-locked loop (DDS/ PLL) oscillators to reduce phase shifter losses; 2) a phased-array radiator to control the element factor and suppress grating lobe losses; 3) a parabolic antenna phased array to concentrate the microwave power (high gain). One DDS/PLL oscillator generates over 8 W of continuous microwave power. Three DDS/PLLs are used in one parabolic antenna and the phased array is composed of three parabolic antennas; therefore, the total radiated power is above 72 W (8 W Fig. 15 . The beam direction of the parabolic antenna phased array can be controlled by suppressing grating lobes.
The USEF SPS Study Team in Japan developed further types of phased arrays for SPS applications. In FY2002, the USEF SPS Study Team and Mitsubishi Heavy Industries, Ltd. developed a phased array with the following characteristics [15] : 1) frequency: 5.77-GHz CW, no modulation; 2) nine circular microstrip antennas with 0.75 element spacing; 3) high-power amplifier (HPA) with a power and efficiency of > 2 W and > 51%, respectively (Fig. 16 ); 4) HPA: class-AB amplifier; 5) 4-b digital phase shifters; 6) spurious: GÀ50 dBc at the second and third harmonics. The phased array was composed of three layers with receiving, phase-shifting, and transmitting parts as an AIA (Fig. 17) . The microwave source was fed from behind the AIA, through the air, and the received microwave was amplified and controlled through the phase-shifting and transmitting parts. The array was approximately 360 mm Â 360 mm Â 70 mm and the antenna gain was 10.8 dBi. The total weight was approximately 11 kg. The radiation efficiency of the transmission antennas was more than 90% with a beam width of approximately 37 (Fig. 18) . The measurement result of the beam pattern is shown in Fig. 19 , where the microwave beam was controlled in the horizontal direction.
The USEF continued to develop a phased array with high efficiency for SPS applications. The Basic Plan for and programs, SPS was selected for the use and R&D of space resources as follows:
''As a program that corresponds to the following major social needs and goals for the next 10 years, a Space Solar Power Program will be targeted for the promotion of the 5-year development and utilization plan.'' and ''government will conduct ample studies, then start technology demonstration projects in orbit utilizing ''Kibo'' or small sized satellites within the next three years to confirm the influence in the atmosphere and system checks'' [16] , [17] .
On the basis of this plan, a high-efficiency and thin phased-array development project, which is supported by METI, started in FY2009 [18] . The author is the Chairperson of this project and Mitsubishi Electric Corporation 
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is developing the phased array. The target of the phased array is as follows: 1) frequency: 5.8-GHz CW, no modulation; 2) > 70% PAE GaN semiconductor MMIC amplifier (Fig. 20); 3) MMIC 5-b phase shifters; 4) G 40-mm thickness phased array (Fig. 21) ; 5) 120 Â 120-cm 2 array; 6) 76 amplifier/phase shifter modules on each panel of a four-panel system (76 Â4 ¼ 304 modules in the system); 7) four antennas and one module subarray; 8) total power > 1.6-kW CW. In 2008, another field experiment using a phased array was conducted in Hawaii by a team from Kobe University and by John Mankins from the United States. They transmitted approximately 20 W of microwave power toward a target 150 km away, using a phased array. Even though they could not receive enough microwave power, which depended on the distance and antenna aperture, the transmission scheme formed the basis for their followup work.
At the end of FY2010, a new phased array was installed at Kyoto University as a multipurpose research equipment (Fig. 22 ) [19] , [20] . The characteristics of the phased array at Kyoto University are as follows: 1) frequency 5.8-GHz CW, no modulation; 2) separated module antenna/active circuits system; 3) rigid antenna plane; 4) 256 elements; 5) active phased array with one active circuit for each antenna; 6) 1.5-kW output microwave power; 7) class-F power amplifiers with GaN FETs; 8) > 7-W output of high-power amplifier as a final stage; 9) > 70% power added efficiency in the microwave high-power amplifier as the final stage (Fig. 23) ; 10) > 40% as total dc-to-microwave conversion efficiency; 11) 5-b MMIC phase shifters; 12) G 30-cm thickness as a universal experimental equipment. The phased-array system is composed of the phasedarray equipment, beam control units, and a cooling unit. The beam control units are composed of an antenna 
IV. PHASED ARRAYS WITH MAGNETRONS
The compatibility of high-efficiency beamforming of MPT has not been realized with semiconductor technology yet. Researchers at Kyoto University proposed and developed a new phased array using magnetrons. The efficiency of the magnetron was above 70%, and it was the cheapest available microwave device. They could not control the phase of the magnetron itself because it was a high-power generator. However, they developed a phase-controlled magnetron (PCM) with an injection locking technique and a PLL feedback to the magnetron voltage source [21] . The original idea of a PCM came from Brown [22] . Researchers at Kyoto University revised the PCM and developed a phased 7) it includes a retrodirective system with a CW pilot signal of 400 MHz. For the SPORTS-2.45 array, we always turn off the filament current during power transmission after stable oscillation is achieved because the filament current causes noise in the magnetron. We cannot turn off the filament current in the cooker-type magnetron because a half-wave rectification voltage source is used for the microwave oven. The current heats the filament, and heat usually supports electron emission to generate a microwave. Therefore, enough electrons cannot be provided in the cooker-type magnetron with a half-wave rectification voltage source in the absence of filament current. However, when we use a stabilized dc current source with the same cooker-type magnetron, the filament is heated enough without the filament current because the stabilized dc current obstructs filament cooling. We achieved better than 10 À8 frequency stability, relative to the frequency stability of an input reference signal, using the stabilized dc power source without filament current.
We can select from two types of antenna in SPORTS-2. 45 array (Fig. 26) . One type is a 12-horn antenna array with low power loss but with a limited narrow beam scanning capability. The size and gain of each horn antenna are 192 mm Â 142 mm and 17.73 dBi, respectively. System efficiency of the horn array is high, but large sidelobes and grating lobes appear when we change the beam direction. The simulated beam pattern in the front direction is shown in Fig. 27 . When we change the beam direction to a wide range, grating lobes arise.
The other is a 96 dipole antenna array with power dividers and 1-b subphase shifters. Element spacing is 0:7. To expand the beam control area without creating large sidelobes and grating lobes, we should shorten the element spacing. But the power of the PCM is too large to connect a small dipole. Therefore, we should divide the power from the PCM to provide for a small dipole. This is the concept of a subarray. The normal subarray creates a grating lobe that diffuses the microwave power except for the target when we change the beam direction. Therefore, we proposed a 1-b subphase shifter that is installed after a power divider to suppress the appearance of a grating lobe.
Loss in the digital phase shifter is commonly estimated as 1 dB/1 b. Therefore, the loss of the 1-b subphase shifter is smaller than that of 4-or 5-b phase shifters. If we do not use any subphase shifters, then the loss is the same as a subarray system, and large sidelobes and grating lobes appear. However, we can suppress the grating lobes with the subphase shifter system; therefore, we can retain a highefficiency phased array [23] . The characteristics of the SPORTS5.8 phase array are as follows: 1) frequency: 5.77-GHz CW, no modulation; 2) nine PCMs; 3) output power (matched load) of one PCM: > 300 W; 4) efficiency of the PCM: > 70%; 5) total (nine PCMs) microwave power: > 1.26 kW; 6) 4-b digital phase shifters on each PCM; 7) 288-microstrip antenna in which one PCM is connected to 32-microstrip antenna elements each; 8) it includes a retrodirective system with a codedivision multiple-access (CDMA)-modulated pilot signal of 4.8 GHz. For the SPORTS-5.8 array, we only adopt a subarray with power dividers after the 5.8-GHz PCMs without any subphase shifters (Fig. 28) . The power loss after the PCM is below 1.5 dB. The 5.8-GHz magnetron was developed by Panasonic Co. Similarly, we always turn off the filament current during power transmission after stable oscillation is achieved.
In 2009, Kyoto University succeeded in a field MPT experiment using PCM technology. We transmitted 2.46-GHz microwave power with two 110-W output power PCMs from an airship to the ground [ Fig. 29(a) ] [24] . We used two radial slot antennas whose diameter was 72 cm and had a gain and aperture efficiency of 22.7 dBi and 54.6%, respectively. Element spacing was 116 cm [ Fig. 29(b) ]. Theoretical and measured beam patterns are shown in Figs. 30 and 31 , respectively. The characteristics of this magnetron phased array are as follows: 1) frequency: 2.46-GHz CW, no modulation, two PCMs; 2) output power (matched load) of one PCM: > 110 W;
3) analog phase shifters on each PCM; 4) two radio slot antennas; 5) weight: G 45 kg (transmitters, antenna, batteries, telemeters, etc.); 6) it includes a retrodirective system with a CW pilot signal of 5.8 GHz; 7) data links between the airship and ground with 2.45-GHz wireless local area network (WLAN) and 429-MHz specified low-power radio. At Kyoto University and Kyushu Institute of Technology, we also applied the PCM phased array for MPT to a Mars observation airplane [25] . We consider the magnetron phased array as one of the primary solutions for a high-efficiency phased-array system.
V. RETRODIRECTIVE SYSTEM IN JAPAN
Target detection is essential for the phased-array MPT system to ensure accurate and high-efficiency MPT. Retrodirective target detection, in which a pilot signal is used for detecting both the target and antenna positioning, is often used for the MPT system. Around the world, extensive research is being conducted on retrodirective systems for wireless communications [26] . There are various target detection methods, for example, Global Positioning System (GPS), optics, and methods of direction of arrival (DOA), such as MUltiple SIgnal Classification. The difference between the retrodirective and other target detecting methods is that only the former can detect both the position of the target and that of the antenna elements (i.e., the shape of the array antenna) in the phased array. 
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In the conventional retrodirective system, a local oscillator and phase conjugate circuits are installed in the transmitter. Some retrodirective systems use a DOA algorithm with a pilot signal and phase shifters controlled by the DOA result instead of phase conjugate circuits. For the DOA algorithm, the shape of the array antenna must be assumed. A pilot signal is used in both systems.
In Japan, some types of retrodirective systems were developed after the 1980s. Prior to that, in 1987, Kyoto University and Mitsubishi Electric Corporation developed a retrodirective system with two asymmetric pilot signals (Fig. 32) [27] . Typically, the same frequency for the pilot signal and transmitting microwave is used in the conventional retrodirective systems; therefore, interference between the pilot signal and transmitting microwave may occur. Therefore, researchers proposed two asymmetric pilot signal systems composed of ! t þ D! and ! t þ 2D!. Seven antennas were used for receiving two pilot signals as well as MPT. The microwave frequency was 2.45 GHz.
In 1996, Kyoto University and Nissan Motor Company (currently IHI Aerospace) developed another type of the retrodirective system. In order to suppress interference between the pilot signal and transmitting microwave, they proposed to use a 1/3 frequency pilot signal (817 MHz, Fig. 33 ) [27] . The transmitting microwave frequency was 2.45 GHz. Eight transmitting antennas were put in a 1-D line. On both sides of the transmitting antennas, pilot signal receiving antennas were placed. When we consider only a 1-D horizontal line, each pilot signal receiving antenna corresponds to a transmitting antenna. The system did not contain a local oscillator to reduce the unmatched frequency between the pilot signal and the local oscillator. Fig. 34 illustrates the measured beam pattern of this retrodirective system. When there is no retrodirective target detected, the data indicate the array pattern itself. When the retrodirective system is operating, the microwave beam chases the pilot signal source, and data indicate the element pattern.
In FY2003, the USEF SPS Study Team together with Mitsubishi Electric Corporation developed a PLLheterodyne retrodirective system [28] . The microwave frequency was 5.77 GHz and the pilot signal frequency was 3.884 GHz. There were eight transmitting antennas (the other antennas shown in Fig. 35 are dummies) . Beam patterns are shown in Fig. 36(a)-(c) .
In January 2006, research groups from Kobe University, ISAS, and the European Space Agency (ESA) conducted a successful retrodirective MPT experiment from a rocket to the ground [29] , [30] . The MPT system structure on the rocket was opened and transmitted microwave power to the pilot signal target.
VI. CONCLUSION
The history of MPT began in the 1960s as efforts aimed at microwave beam concentration in order to increase beam efficiency. To completely develop MPT technology, we require high-efficiency phased arrays and accurate target detection using pilot signals. In Japan, several trials to develop high-efficiency phased arrays and retrodirective target detecting systems have been conducted by Kyoto University, Kobe University, JAXA, ISAS, USEF, NICT, etc. and Mitsubishi Electric Corporation, Mitsubishi Heavy Industries, Ltd., Nissan Motor Company (currently IHI Aerospace), and many other companies. Almost all trials were conducted with regard to SPS applications and in order to satisfy definite experimental targets, for example, to fly a fuel-free airplane. The keywords describing these efforts are ''higher efficiency,'' ''higher accuracy of beam control and target detection,'' and ''larger size and light weight'' for SPS applications in space and ''lower cost'' for commercial products. Certainly, some trials were not successful for SPS or commercial applications. By (2) , the number of antenna elements for SPS applications would need to be larger by six to seven orders of magnitude than those in presently developed projects in order to realize highly efficient MPT at a 36 000-km distance, using a 2.45-or 5.8-GHz frequency. In addition, the weight of the phased array would need to be smaller by two to three orders of magnitude in order to reduce the launch costs for the SPS systems. For commercial use, such a large number of the antenna elements and light weight are not required. However, cost is the most important factor in order for the MPT using the phased array to be widespread. In addition, it is supposed that the cost would need to be lower by three to six orders of magnitude than those of presently available systems. Phased-array efficiency is also important because the power is transmitted by the microwaves. But new technologies, such as wideband gap semiconductors, drive the innovation of phased-array technologies. With these new technologies, we would like to apply phased-array MPT toward becoming a ubiquitous power source and a means of energy harvesting. We consider that these trials will result in commercially successful and viable MPT applications in the near future. h
